Field emission model of carbon nanotubes to simulate gas breakdown in ionization gas sensor J. Appl. Phys. 113, 023302 (2013) Traditionally, Paschen's curve has been used to describe the breakdown voltage for gaseous ionization between two electrodes. However, experiments have shown that Paschen's curve, which is based on Townsend effects, is not necessarily accurate in describing breakdown between electrodes spaced less than 15 m apart. In this regime, electron field emission plays a significant role in the breakdown phenomenon, and recently an alternative mathematical description that accounts for ion-enhanced field emission was proposed to describe the breakdown voltage in small gaps. However, both Paschen's curve and the small gap equation only work in certain regimes, and neither predicts the transition that occurs between Townsend and field emission effects-the so-called modified Paschen's curve. In this work, a single, consistent mathematical description of the breakdown voltage is proposed that accounts for both Townsend ionization and ion-enhanced field emission mechanisms. Additionally, microscale breakdown experiments have been conducted in atmospheric air. The proposed formulation is compared to the present experiments and other atmospheric air experiments in the literature and describes the transition region in the breakdown curve. The proposed formulation represents a mathematical model for the modified Paschen's curve.
I. INTRODUCTION
Of main interest to this work is the initiation of plasma, when the discharge transitions from the non-self-sustaining to the self-sustaining regime. This transition occurs when an electron avalanche forms that leads to the breakdown of the gaseous dielectric medium ͑often called Townsend breakdown to distinguish it from space-charge induced streamer breakdown͒. Traditionally, Paschen's curve describes the breakdown voltage as a function of the electrode spacing or gap ͑d͒, operating pressure ͑p͒, and gas composition. 1 The mathematical formulation of Paschen's curve is derived from Townsend's description of the basic charge generation processes including electron impact ionization ͑the ␣ process͒ and secondary electron emission from the cathode due primarily to ion bombardment ͑the ␥ process͒, though other bombardment processes may play a role. 2 Historically, Paschen's curve has proved to be accurate for large gaps and at low pressures, 3 but it is often acknowledged that it fails to describe behavior at extremely low or high pd values. 4 This has been especially true in very small gaps in atmospheric air.
In the 1950s, interest in atmospheric pressure, submillimeter discharges was fairly high, led by a series of papers out of Bell Laboratories [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] as well as others. 15 In the past decade or so, studies on atmospheric pressure, small gap discharges has undergone a resurgence, and the focus has turned to atmospheric air breakdown in microscale gaps on the scale of 1 to 30 m. This recent interest was originally motivated by concerns about unintended breakdown leading to spark discharges and material erosion in microelectromechanical systems. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] However, there have also been investigations of microscale breakdown in devices for gas sensing and analysis [26] [27] [28] [29] [30] and lighting applications 31 as part of the growth of the microplasma field. These works have led to a number of additional experimental, [32] [33] [34] [35] computational, [36] [37] [38] [39] and theoretical studies 40, 41 to understand the nature of microscale breakdown.
Qualitatively, Paschen's curve predicts that the breakdown voltage decreases as the electrode gap decreases, corresponding with the increasing electric field. However, at some electrode gap the breakdown voltage reaches a minimum ͑approximately 300 V near 5 to 10 m in atmospheric air͒, and the breakdown voltage then increases at successively smaller electrode gaps. This effect is because more energy is required in the system to overcome the rapid loss of electrons to surfaces in a microscale gap. However, many of these recent experimental studies have shown that as the electrode gap decreases below approximately 10 m, the data deviate from Paschen's curve. Rather, the so-called modified Paschen's curve 20, 23 is formed where the breakdown voltage continues to decrease nearly linearly with decreasing electrode gaps below the minimum predicted by Paschen's curve. Researchers from Bell Laboratories originally suggested that electron field emission will occur because of the high electric field in microscale gaps, 11, 13, 14 and these electrons will contribute to ionization and the overall current thereby mitigating the rapid charge loss. Slade In this work, the authors present a mathematical formulation that combines Paschen's curve and ion-enhanced field emission to form the modified Paschen's curve. This work is focused on understanding the nature of the modified Paschen's curve in atmospheric air, and the proposed formulation is compared to experimental data from the literature and to present microscale breakdown experiments. Two distinct trends observed in experiments and simulations are highlighted, and the proposed formulation qualitatively describes both of these trends. While there are limitations to the proposed formulation, it appears to capture the transition from Paschen's curve to ion-enhanced field emission-dominated breakdown and accurately represents the modified Paschen's curve.
II. THEORETICAL APPROACH

A. Basic physical mechanisms
In the breakdown of a gas, usually termed Townsend's breakdown, there are two primary mechanisms that contribute to a significant rise in charge carriers-gaseous charge production through electron impact ionization ͑the ␣ process͒ and cathode charge production through secondary emission ͑the ␥ process͒. 42 Secondary emission is electron emission due to bombarding particles/photons and is typically dominated by ions through Auger processes though incident photons and metastables can also be a factor. At sufficiently high electric fields ͑ϳ100 V / m͒, field emission may occur where electrons tunnel through the potential barrier at the cathode surface. With adequate geometric enhancement and a suitable material, emission at ϳ10 V / m is possible. 43 Recent detailed experiments by Hourdakis et al. 32 investigated the role of microsurface protrusions in microscale breakdown and showed that geometric surface enhancement is generally insufficient for the fields observed in breakdown experiments. Therefore, because geometric enhancement alone is insufficient, ion-enhanced field emission is likely the primary phenomenon that leads to microscale breakdown. Ion-enhanced field emission is like secondary emission but occurs when positive gaseous ions approach the cathode and both lower and thin the potential barrier at the cathode, thus making it easier for electrons to tunnel due to a high electric field. Kisliuk 14 investigated this mechanism and distinguished between a single ion approaching the cathode and the presence of many ions near the cathode, which is the more likely physical situation. In considering the effect of a single ion, he estimated that it would take an applied field of approximately 3000 V / m for the ion-enhancement to yield a single field-emitted electron; but if reasonable geometric enhancement is included the applied field only needs to be 50 V / m for ion-enhancement to initiate emission. A similar analysis was conducted by Ecker and Müller, 44 and more recent detailed analyses [45] [46] [47] [48] have confirmed that ions can increase the emission current by one to three orders of magnitude. In the following analysis, only ion-induced secondary emission and ion-enhanced field emission are considered as the cathode processes in microscale breakdown.
B. Description of the processes
Townsend's first ionization coefficient ␣ describes the generation of ions by electron impact and an empirical formula relates it to the applied voltage V, electrode gap g, and gas pressure p by
where A and B are constants based on the gas composition. 42 Secondary electron emission due to bombarding ions is characterized by Townsend's second ionization coefficient, which is defined as the ratio of electrons ejected per incident ion,
In vacuum, the field emission current density from a metal is described by the Fowler-Nordheim equation
͑3͒
where A FN and B FN are constants, 50 is the work function of the cathode, ␤ is the geometric enhancement factor, and E is the magnitude of the applied electric field defined as ͉E͉ = V / d. The parameter y is a function of , ␤, and E, and the functions t 2 ͑y͒ and v͑y͒ have established approximations. 51 However, from empirical observations this relation can be written as
where C FN and D FN are experimentally determined constants. Physically, D FN is the threshold electric field required for field emission and is a function of the cathode material and surface properties
ͬ .
͑5͒
C. Paschen's curve
Paschen's breakdown criterion is derived based on the increase in circuit current due to ␣ and ␥ i events. The prebreakdown current density takes the following form:
where j o is a background cathode emission current usually assumed to be photogenerated. 42 The breakdown criterion is then based on the mathematical condition where the current increases to infinity or
Using this breakdown criterion, and the definition of ␣ in Eq. ͑1͒, the breakdown voltage V b is a function of the product of the gap and pressure pd and takes the following form:
produces the traditional Paschen's curve.
D. Ion-enhanced field emission breakdown voltage
In Boyle and Kisliuk's 11 theory for small gaps, breakdown is due to electron field emission that is enhanced by Townsend ionization in the gap-a positive feedback situation. Describing the emission current j field based on the empirical Fowler-Nordheim equation, they suggest the local electric field is modified by some factor C E by the approaching ion, enhancing the emission current by a factor C j . The ion-enhanced field emission current, j field+ , is the prebreakdown current and is described by
where n is a constant typically equal to unity and M is a constant that accounts for the enhancement factors C E and
Boyle and Kisliuk's breakdown criterion is based on the mathematic condition, where Eq. ͑9͒ is unstable. Because the emission of an electron is enhanced by an incident ion, they define an effective secondary emission coefficient ␥Ј as the current of field-emitted electrons j field+ per incident ion current j ion , and derive it to be
where K is a constant that includes the constants in Eq. ͑4͒ and the enhancement constant C E . It should be noted that in their original derivation, Boyle and Kisliuk used a form of the Fowler-Nordheim equation that did not have the E 2 prefactor shown in Eq. ͑4͒. In their derivation, K is actually a function of 1 / E 2 and they claim this dependence is small compared to the exponential term, thus ignoring it. However, if the Fowler-Nordheim equation shown in Eq. ͑4͒ is used, the E 2 and 1 / E 2 terms cancel thus resulting in a cleaner derivation of ␥Ј.
Ramilović-Radjenović and Radjenović 40 defined the field emission breakdown voltage by treating ␥Ј in Eq. ͑10͒ as the secondary emission coefficient in Eq. ͑7͒. They obtained the transcendental equation
This equation does not have a closed form solution for V b and must be solved numerically. They simplified this equation by asserting that K is much larger than 1 ͑ϳ10 7 ͒ and the breakdown field occurs when V / d is greater than the threshold value D FN . Therefore, taking logarithms of both sides and using a Taylor series expansion approximation ͑though this could also be done with a direct expansion of the exponential term͒, they rewrote the breakdown criterion as
Using Eq. ͑1͒ for ␣, they showed that the breakdown voltage is given by
The values of A and B are tabulated for many gasses, and D FN is defined in Eq. ͑5͒, but K is not easily determined and essentially becomes a fitting parameter. It should be noted that in this formulation the breakdown voltage is no longer a function of pd but a function of p and d separately.
E. Modified Paschen's breakdown voltage-proposed mathematical description
The limitation of the ion-enhanced field emission breakdown voltage is that it uses an effective secondary emission coefficient ␥Ј that is based solely on the effect of ionenhanced field emission-an effect not present in larger gaps. A consistent description across electrode gaps, therefore, should potentially account for both ion-enhanced field emission and secondary emission due to ion bombardment. There are a number of bombardment mechanisms ͑ions, atoms, and metastables͒ that may contribute to secondary emission, and it has been shown before that if they are independent, their individual ␥-factors may be summed. 42, 52 Therefore it is assumed here that ion-induced secondary emission and ion-enhanced field emission are independent physical mechanisms. That is, the ejection of an electron due to an impacting ion ͑secondary emission͒ occurs independent of a field-emitted electron due to an approaching ion-and that a single ion may contribute to both. Mathematically, this can be expressed through superposition of the secondary emission current j secondary and enhanced field emission current j field+ in the form of a net emission current,
Using the same approach as Eq. ͑10͒ a net secondary emission coefficient can be defined as
In a manner similar to that used by Ramilović-Radjenović and Radjenović, ␥ net can be inserted into the breakdown criterion Eq. ͑7͒ to give the following equation:
This equation can also be simplified using a Taylor expansion to be
Note that neither the general breakdown voltage equation Eq. ͑16͒, nor the simplified form Eq. ͑17͒, have closed form solutions for V b .
III. THEORETICAL RESULTS
As qualitatively described by Wallash and Levit, 23 the modified Paschen's curve roughly consists of three regions: the "pure" Paschen curve at gaps greater than 10 m, a plateau between 5 to 10 m, and a steep decline associated with field emission for gaps less than 5 m. Dhariwal et al., 18 in slight contrast, suggested there are actually four regions-splitting the field emission domain into an ionenhanced region ͑1.5 to 5 m͒ and a pure Fowler-Nordheim field emission ͑for metals͒ region in very small gaps ͑Ͻ1.5 m͒. The defining characteristic of both descriptions is a plateau region that transitions from Townsend dominated processes to a field emission-dominated process, and consists of a flattening of the breakdown curve near the minimum voltage predicted by Paschen's curve. Figure 1 shows a plot of Paschen's curve ͓Eq. ͑8͔͒, the solutions to the transcendental ion-enhanced field emission equation ͓Eq. ͑11͔͒ and in Taylor-expanded closed form ͓Eq. ͑13͔͒, and the modified Paschen's curve proposed here in full form ͓Eq. ͑16͔͒ and Taylor-expanded ͓Eq. ͑17͔͒. It is evident that the proposed mathematical relation Eq. ͑16͒ transitions from large gaps to small gaps in a continuous mannereffectively unifying Paschen's curve with ion-enhanced field emission. To that end, Eq. ͑16͒ inherently describes how Townsend processes dominate field emission at larger, mesoscale gaps, in the transition region both effects are present as seen in the characteristic plateau, and in microscale gaps ion-enhanced field emission dominates. It is also apparent that Eq. ͑17͒ fails to consistently describe the data during the transition to large gaps, and this can readily be attributed to the Taylor expansion approximation, which is only valid for small values of d. In fact, it can be shown that using the Taylor expansion approximation in the derivation of Paschen's curve leads to a nonphysical condition where V b is always less than zero. Though this plot extends below 3 m, the validity of these equations in this regime is questionable. The mean free path of an electron in air is ϳ400 nm and the ionization mean free path is ϳ1 m, which means there is insufficient space to generate an appreciable number of ions. Therefore, at these scales the current is due only to pure field emission, and these equations, which are dependant on the existence of ions, are essentially invalid as will be discussed in Sec. V. Ultimately, Eq. ͑16͒ is the proposed formulation for the modified Paschen's curve.
IV. EXPERIMENTS
A number of experimental microscale breakdown studies using various electrode materials, geometries, gases, and gas pressures have been conducted preceding this work, and these are summarized in Table I ͑though this is not an exhaustive list͒. In most cases, the electrode materials are common microfabrication materials such as silicon ͑Si͒, platinum ͑Pt͒, and gold ͑Au͒, though other materials have also been studied. There are two general experimental configurations-the two electrodes are maintained at a small gap by an external micropositioning system or two planar electrodes are microfabricated on the surface of a substrate. The primary gas of interest is air at atmospheric pressure, though other common gases such as argon ͑Ar͒ and nitrogen ͑N 2 ͒ have also been studied, and pressures have ranged from 0.3 to 7500 torr.
To complement the existing experimental data and highlight some of the significant trends, a set of simplified experiments was conducted here. Two different anodes, a hollow copper ͑Cu͒ cylinder with 880 m inner diameter and 1600 m outer diameter and a stainless steel ͑SS͒ needle with a tip curvature of approximately 20 m as verified by scanning electron microscopy, and a single cathode consisting of a large copper plate were tested. The electrodes were operated in a point-to-plane configuration ͑Fig. 2͒, and the gap was varied from 3 to 20 m and maintained by fixing the cathode and adjusting the position of the anode using a Newport MFA-CC motorized linear stage micropositioning system with an accuracy of 0.1 m. Positive electric potential was applied to the anode using a Bertran 228-10R high voltage power supply that had uncertainty of approximately 1 V, and the cathode was grounded. The current was recorded at the grounded cathode using a Keithley 6487 picoammeter. The electric potential was increased an increment of 5 V, allowed 5 s to settle, and then 20 current readings were averaged. This process was repeated until breakdown was observed when the current rapidly increased from less than 1 nA to hundreds or thousands of A. At the occurrence of breakdown, the voltage was quickly reduced to zero. The experiments were conducted in open, atmospheric air, which, though not ideal, is not uncommon because it represents real operating conditions for many devices. 19, 20, 25, 28, 29, 32, 33 Additionally, because the purpose of these experiments was simply to show trends, control or analysis of the electrodes' surface quality was not conducted, though they were cleaned in acetone before every test to limit contamination effects. For experiments with detailed surface analysis, the reader is directed elsewhere ͑e.g., Ref. 32͒ . Figure 3 collects data from results reported by others and the present experiments in the form of breakdown curves for atmospheric air. Because of the plethora of data, individual sets are not distinguished here, save for the present work, but Table II details the sources of data included in the figure. It is readily apparent that in most of the cases, including the present experiments, the data deviate from the theoretical Paschen's curve in gaps less than 10 m to form the modified Paschen's curve. This qualitatively confirms the form of the curve predicted by Eq. ͑16͒ in Fig. 1 . In larger, mesoscale gaps, the data generally have the same shape and slope as Paschen's curve but the range of voltages is large, with data for any given electrode gap varying by as much as 200 V. This is not unexpected given that Paschen's curve is defined for a uniform electric field-a condition that is not always true in the various experimental studies. This effect is highlighted by the two curves representing the present experiments with the SS needle tip anode and Cu hollow cylinder anode. Though the Cu plate cathode, which supplies electrons through secondary and/or field emission, is the same in both cases, the breakdown curves are qualitatively quite different. The SS curve follows a fairly constant decreasing trend between the breakdown voltage and electrode gapconsistent with much of the other data. The hollow Cu cylinder curve, though, appears to follow Paschen's curve by reaching a local voltage minimum and increasing before sharply deviating from Paschen's curve as the gap continues to decrease. Overall, Fig. 3 highlights the complexity of breakdown at the microscale, where general trends are common but quantitative data are heavily dependant on the electrode geometry, material, and surface roughness. Table II͒ , the present data, and the theoretical Paschen's curve. Studies from the literature with symbol deviate from Paschen's curve and those with symbol ᮀ qualitatively follow Paschen's curve. Note: line segments connecting data points are not curve fits but meant to clearly show the data shape and trends.
In particular, three different behaviors are highlighted in Fig. 4 , which shows a subset of data in Fig. 3 . The first is the modified Paschen's curve with a plateau ͓Fig. 4͑a͔͒ that represents most of the data in Fig. 3 . The second is a form of the modified Paschen's curve where, rather than going through a smooth, plateau transition from Townsend to field emission, Paschen's curve is sustained in decreasingly smaller gaps until field emission quickly initiates and dominates the discharge ͓Fig. 4͑b͔͒. Therefore, rather than a plateau, this modified Paschen's curve has a local minimum voltage and is followed by a sharp transition. This case includes the data compiled by Slade and Taylor, 22 the present hollow Cu cylinder work, and simulation results of Zhang et al. 36 ͑Note: the data from Slade and Taylor was extracted from the results of Lee et al., 20 who conducted experiments at a variety of supply voltages. Slade and Taylor did not specify which data points of Lee et al.'s they choose, and because of the density of points and limited quality of the image, it is difficult to extract identical points from Lee et al.'s original publication. However, Slade and Taylor's work is an oft-cited, wellrespected work on this topic, and the data points they presented are presumed valid.͒ In Sec. V, Eq. ͑16͒ is curve fit to the data shown in Figs. 4͑a͒ and 4͑b͒ Not all reported experiments showed the "modified" form and, in particular, Si electrodes 19, 24 appeared to follow Paschen' s curve even at very small gaps ͓Fig. 4͑c͔͒. Si is a semiconductor, and semiconductor field emission is different than that from metals. 53 Therefore, the fact that Si electrodes follow the traditional Paschen's curve could indicate a delay in field emission associated with their semiconducting properties.
V. COMPARISON TO EXPERIMENTS
Equation ͑16͒ was curve fit to the data for the modified Paschen's curves in Figs. 4͑a͒ and 4͑b͒, and these are shown in Figs. 5 and 6, respectively. The values of the work function were assumed to be that of the bulk materials in each experiment, 54 and the parameters ␤ and K were varied until the fit was reasonably good. Typical values for ␤ were approximately 50 to 100, reasonable values for most materials, and K was on the order of 10 8 to 10 9 , which are little high but not that much higher than the values ͑ϳ10 7 ͒ extracted from Refs. 11 and 41. However, in each case, this single mathematical relation is able to qualitatively recreate the observed experimental and computational trends and shapes. In particular, Eq. ͑16͒ predicts both shapes of the modified Paschen curve. In Fig. 5 , Eq. ͑16͒ accurately predicts the "plateau" transition from Fig. 4͑a͒ , and shows a smooth transition from Townsend to ion-enhanced field emission dominated breakdown. If the value of K is decreased as shown in Fig. 6 , Eq. ͑16͒ predicts the sharp transition in Fig.  4͑b͒ from Townsend to field emission breakdown, including a local minimum voltage. Further, Figs. 5 and 6 are representative of curve fits to other data sets presented in Fig. 2 indicating the proposed formulation is fairly robust. Though matching the experimental data is not conclusive evidence that Eq. ͑16͒ is correct, the fact that the single equation accurately captures all trends lends confidence to the validity of the formulation.
The role of the fitting parameter K is further explored in Fig. 7͑a͒ , where breakdown voltages are plotted for different values of K. Recall that the physical meaning of K is closely tied to the local enhancement of the electric field by an approaching ion ͑C E ͒ as well as other field emission parameters including ␤ and . To that end, smaller K values correlate to a smaller ion-enhanced field emission effect, and larger K values correlate to a larger ion-enhanced field emission effect. As observed in Fig. 7͑a͒ , for a larger value of K the plateau form of modified Paschen's curve is recovered, and as K decreases, the sharp transition form is captured. The local peak in the breakdown voltage at transition, shown in Fig. 7͑a͒ , was determined for each curve, and the electric field at this transition point was calculated. The electric field ranged from 150 V / m for small K to 30 V / m for large K-reasonable fields for ion-enhanced field emission to initiate 14 and start competing with secondary emission. The effect of ␤ and were also explored for a fixed constant K. A similar trend as shown in Fig. 7͑a͒ was also observed, though not presented here for brevity. Generally, as ␤ increased or decreased, the modified Paschen curve shape transformed from the sharp transition to the plateau form. Further, it was observed that the small changes in ␤ had a much greater effect than small changes in . However, it is worth noting that changes in ␤ and inherently imply changes in K, and it is not realistic to hold K constant. That is, while it is notable that ␤ appears to have a greater impact than , further study is required to fully understand this relationship. The mutual contribution by both processes across most electrode gaps is also apparent in the shape of the modified Paschen curve in Fig. 7͑a͒ . Though the curve appears to be linear as it trends toward zero, it is not linear. Fig. 2 . The data are extracted from figures in the original publications, and these are included in the third column. Whereas a linear curve would apply for pure field emission, 23 the nonlinearity is due to the inclusion of Townsend processes-consistent with Dhariwal et al.'s description of four breakdown regions. 18 In Fig. 7͑b͒ , the ratio of the ion-enhanced field emission secondary coefficient ␥Ј ͓Eq. ͑10͔͒ to Townsend's secondary coefficient ␥ ͑held constant at 0.01͒ is plotted against the electrode gap for the same values of K. The ratio ␥Ј/ ␥ spans many orders of magnitude as the breakdown transitions from Townsend dominated to field emission-dominated processes. Of particular note, is that at larger, mesoscale gaps when Paschen's curve holds true ͑Ͼ15 m͒, the ratio is extremely small ͑Ͻ10 −8 ͒ suggesting that ion-enhanced field emission is negligible. However, in moderately small microscale gaps from approximately 3 m until the peak voltage transition, the ratio is moderate ͑ϳ10 −2 to 10 1 ͒ indicating that though field emission is now important, Townsend secondary emission cannot be ignored. To that end, the value of the ratio ␥Ј/ ␥ was also calculated at the transition point corresponding to the local peak in the breakdown voltage. Though not a constant as might have been expected, the ratio consistently was on the order of 10 −2 to 10 −1 , and always less than 1. This suggests that breakdown begins deviating from Paschen's curve when only 1%-10% of the emitted electrons are generated by ion-enhanced field emission rather than secondary emission. In very small microscale gaps ͑Ͻ3 m͒ the ratio becomes large ͑ϳ10 2 ͒ and given that ␥ was fixed at 0.01, this corresponds to ␥ЈϷ 1. A secondary emission coefficient of 1 is typically nonphysical except in special cases, and this merely confirms that this description of breakdown is not appropriate at very small gaps.
VI. CONCLUSIONS
In this work, a mathematical expression has been presented that consistently describes the breakdown voltage in microscale gaps when breakdown deviates from Paschen's curve. This formulation for the modified Paschen's curve is based on the assumed independence of two cathode emission effects-secondary emission due to ion bombardment and ion-enhanced field emission. Comparison with both experimental and simulation results show that this formulation for modified Paschen's curve captures the nature of the transition from Paschen's curve to field emission-dominated breakdown. Coupled with others' prior studies, the present results add further confidence that ion-enhanced field emission initiates in the transition region even at gaps as large as 10 m. Future experimental and theoretical studies will explore the form and validity of the modified Paschen's curve in other pressure regimes-both greater than and less than atmospheric pressure-and other gases.
Two weaknesses of this formulation are that it accounts for ion-enhanced field emission through a fitting parameter and its inability to describe pure field emission in gaps less than approximately 2 m. To that end, future work on this topic should focus on establishing a breakdown theorem that ͑a͒ has well-defined ab initio parameters for ion-enhanced field emission and ͑b͒ accounts for both ion-enhanced and standard Fowler-Nordheim field emission to completely describe all four regions of microscale breakdown. Thus, while this derivation represents an important step in understanding breakdown phenomenon in small gaps, it is not necessarily a definitive equation, and more eloquent derivations may be possible.
